The long-recognized monotypic status of the relictual marsupial genus Dromiciops was recently challenged by a controversial reanalysis of previously published mtDNA data that were combined with a new morphological study to conclude that the genus contains 3 species: D. bozinovici, D. mondaca, and D. gliroides. We present here new phylogenetic and coalescent species delimitation analyses to test the multispecific status of Dromiciops relative to the proposed 3 new species. Our molecular analysis is based on partial sequences of 4 nuclear (RAG1, ApoB, vWF, and IRBP) and 2 mitochondrial (12S RNA and Cytb) genes. Genetic distances showed low differentiation among the proposed Dromiciops species, consistent with typical levels of intraspecific variation. Phylogenetic analyses yielded only moderate support for monophyly of D. bozinovici, while depicting polyphyly in D. gliroides and D. mondaca. Species delimitation analyses did not recover the proposed 3-species scenario, and the taxonomic index of congruence among these methods (C tax = 0.5-1.0) supported monotypic status for Dromiciops. Taking into consideration all the genetic analyses and previously reported morphological analyses, we conclude that all Dromiciops lineages belong to a single species.
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JOURNAL OF MAMMALOGY structure, and they also performed a morphological analysis from which it was concluded that Dromiciops contains 3 allopatric or parapatric species: D. bozinovici, D. mondaca, and D. gliroides. More recently, one geometric morphometric analysis of cranial shape and size (Valladares-Gómez et al. 2017) , and another, using traditional linear multivariate analysis (Martin 2017), did not corroborate the existence of 3 species of Dromiciops, as proposed by D 'Elía et al. (2016) .
A weakness of the single-locus approach of D 'Elía et al. (2016) is that it may not represent the species history due to stochastic lineage sorting across genomes, nor the ongoing gene flow during speciation (Rosenberg 2002) . Population genetics theory states that the genealogical process implies a significant amount of variance associated with parameter estimation (Rosenberg and Nordborg 2002) . Consequently, any interpretation based only on gene trees may not reflect the actual pattern of lineage sorting and divergence, thereby yielding an inappropriate conclusion due to the effects of coalescent stochasticity (Degnan and Rosenberg 2006; Pollard et al. 2006; Zhu and Yang 2012) .
We apply here a coalescent multilocus approach using partial sequences of 4 nuclear and 2 mitochondrial genes to test the multispecific status of Dromiciops. Our sample size of 45 specimens covers the entire geographic range of the genus and represents all the populations assessed by both Himes et al. (2008) and D 'Elía et al. (2016) . Multilocus data and developed theoretical models have been successfully applied to delimit closely related species (Yang and Rannala 2010; Fujita et al. 2012; Harrington and Near 2012; Satler et al. 2013) . We expect that the phylogenetic and species delimitation analyses used here would serve to clarify whether the populations of D. gliroides represent a single valid species.
Materials and Methods
Sample collection.-Samples of liver, muscle, or skin tissues previously deposited in the Burke Museum of Natural History and Culture, University of Washington, Seattle, Washington (UWBM); the Museum of Vertebrate Zoology, University of California, Berkeley, California (MVZ); the Oklahoma Collection of Genomic Resources, Sam Noble Museum, University of Oklahoma, Norman, Oklahoma (OCGR); and the Colección de Mamíferos de la Universidad Austral de Chile, Valdivia, Chile (IEEUACH) were used for molecular analyses (Table 1) . Considering the allopatric-parapatric distribution of Dromiciops species (D 'Elía et al. 2016) , 8 new samples included here were assigned to D. gliroides as indicated by the nearest geographical locality to that nominal taxon ( Fig. 1 ; Table 1, gray cells; localities 11 , 12, 14, and 19) . Using the same criterium, 2 additional samples were assigned to D. bozinovici ( Fig. 1 ; Table 1 , gray cells; localities 7 and 8).
DNA extraction, sequencing, and alignment.-DNA was extracted from liver or muscle using Chelex following Walsh et al. (1991) . Samples from IEEUACH were extracted previously by Himes et al. (2008) [IRBP] ) and 2 mitochondrial genes, 12S RNA and cytochrome b (Cytb), were obtained. PCR conditions and primers were those described by AmrineMadsen et al. (2003) , Palma and Spotorno (1999) , and Himes et al. (2008) . Electropherograms were visualized and edited with CodonCode Aligner v4.1.2 (CodonCode Corporation, Dedham, Massachusetts). Sequences were added to a marsupial data set (Supplementary Data SD1) and to Cytb sequences from D. gliroides as reported by Himes et al. (2008) , and then aligned using the G-INS-i method implemented in CodonCode (Thompson et al. 1994; Edgar 2004) . Excepting the Dromiciops data set, all other sequences were used as outgroups. Sequences were deposited in GenBank with the accession numbers MH363815-MH364035.
Phylogenetic analyses and evolutionary distance.-Phylogenetic reconstructions were based on maximum likelihood (ML) and Bayesian analyses (BA). To evaluate consistency of phylogenetic reconstructions, both analyses were independently carried out using mitochondrial, nuclear, and concatenated data sets. Best-fit partitioning and models of nucleotide substitution were selected by Bayesian Information Criterion (BIC) using PartitionFinder v1.1.0 (Lanfear et al. 2012; Supplementary Data SD2) . As input of this software, all sequences were codon-partitioned except 12S RNA, which was gene-partitioned. To find the best partition strategy, all possible schemes were compared using the greedy algorithm option. For topology convergence, 3 ML analyses using GARLI v2.0 (Bazinet et al. 2014) were performed, and their statistical support estimated by nonparametric bootstrap with 1,000 pseudoreplicates (Felsenstein 1985) . Bayesian analyses using MrBayes v3.2 (Ronquist et al. 2011) were conducted with 2 independent runs over 1 × 10 7 generations sampled every 100 steps. An initial random tree and 8 simultaneous chains at default temperatures were set (Ronquist et al. 2011) . Convergence of runs was checked through Tracer v1.6 (Rambaut and Drummond 2013) , following Nylander et al. (2004) . Sample points prior to the plateau were discarded as burn-in and the remaining trees were combined to estimate the phylogeny. Branch support was estimated by Bayesian posterior probabilities (PP).
Since bGMYC delimitation analysis requires separated mitochondrial and nuclear ultrametric trees (see next section), we calibrated the marsupial phylogenies using the Bayesian method (BEAST v2.4.8-Bouckaert et al. 2014) . Initially, 14 fossil-based node age constraints (Mitchell et al. 2014 ) across the marsupial phylogeny were used. For this analysis, a concatenated data set to estimate mutation rates for each loci was implemented. Four independent runs (2 × 10 7 generations sampled each 1,000) using uncorrelated log-normal relaxed clock and Yule process prior were combined with LogCombiner v2.4.8 (Bouckaert et al. 2014) . Bayes factor analysis (Li and Drummond 2012 ) indicated these clock model and tree prior to be more robust compared to other models (uncorrelated exponential, strict-clock models) and other priors (i.e., Birth-Dead, Calibrated Yule). The first 10% of samples were discarded as burn-in. Convergence to the stationary distribution and acceptable mixing were investigated using Tracer. Subsequently, we used estimated mutation rates to calibrate separated nuclear and mitochondrial trees using the Dromiciops data set. Clock models and tree priors for calibration of these trees were also selected through Bayes factor analysis (see rates and models in Supplementary Data SD3). BEAST analyses to obtain calibrated trees from each loci were run for 10 7 generations, and sampling every 1,000th generation.
Paired evolutionary sequence distances for concatenated and separate gene data sets were estimated with MEGA v6.0.6 (Tamura et al. 2013 ), using Kimura 2-parameter model (K2P) and rate variation among sites. The goodness-of-fit models were estimated by BIC, and corrected by the Akaike information criterion of MEGA.
Species delimitation analyses.-The strength of species delimitation analyses is directly correlated with the use of different methods to examine whether the proposed groups are consistently recovered with different parameters Luo et al. 2018) . Consequently, single-and multilocus approaches were used.
Two single-locus analyses, Bayesian General Mixed Yule Coalescent model (bGMYC-Pons et al. 2006; Fujisawa and Barraclough 2013) and Bayesian implementation of Poisson Tree Processes (bPTP -Zhang et al. 2013) , were performed on mitochondrial (12S RNA and Cytb) and separately on nuclear (RAG1, ApoB, vWF, and IRBP) gene trees. The GMYC model distinguishes between intraspecific (Yule process) and interspecific (coalescent process) branching events on a phylogenetic tree (Pons et al. 2006 ). We used the last 100 trees sampled from the posterior distribution of a Beast analysis for nuclear and mitochondrial sequences (detailed in the above section). Bayesian GMYC analyses were assessed using the R package bGMYC, where each tree was run for 50,000 generations, discarding the first 40,000 generations as burn-in and using thinning intervals of 100 generations (as recommended by Reid and Carstens 2012) . The threshold parameter priors (t1 and t2) were set at 2 and 160, and the starting parameter value was set at 25. Although we used 0.95 as a posterior probability threshold for lumping samples into species, we also estimated conspecific probabilities for Dromiciops species grouping.
For bPTP analysis, mitochondrial and nuclear trees obtained with MrBayes version 3.04b were used as input on the web server of the Exelixis Lab (http://species.h-its.org).
Three multilocus coalescent-based methods (Tree Estimation using Maximum likelihood, STEM-Kubatko et al. 2009; Table 1 ). Following the allopatric-parapatric distribution informed by D 'Elía et al. (2016) , localities 1-8, 9, and 10-20 correspond to D. bozinovici, D. mondaca, and D. gliroides, respectively. Map number (Fig. 1 Harrington and Near (2012) . ML scores for each species tree were generated with STEM v2.0 (Kubatko et al. 2009 ) and evaluated following Carstens and Dewey (2010) and Carstens et al. (2013) .
BPP analysis was applied using Bayesian Phylogenetics and Phylogeography software (BPP v.2.2- Rannala and Yang 2003; Yang and Rannala 2010) . We used A10 mode, which delimits species using a user-specified guide tree (speciesdelimitation = 1, speciestree = 0). As guide tree, we tested the 3 possible combinations of species trees among D. gliroides, D. mondaca, and D. bozinovici. Population size parameters (θs) were assigned as the gamma prior G (2, 1,000), with mean 2/200 = 0.01, following Yang (2015) . Divergence time at the root of the species tree (τ0) was established as the gamma prior G (4, 200), while the other divergence time parameters were considered as the Dirichlet prior (Yang and Rannala 2010: equation 2) . Each analysis was run 4 times to confirm consistency among runs. Additionally, we evaluated other prior settings on θs and τ0 and test different gamma prior configurations (Leaché and Fujita 2010; Giarla et al. 2014) . Following a conservative approach, only speciation events simultaneously supporting probabilities larger or equal to 0.99 for all combinations of priors were considered for species delimitation.
Tr2 analysis follows Fujisawa et al. (2016) . Gene trees were obtained in GARLI and its polytomies were resolved using internode branch lengths of 1.0 × 10 −8 in MESQUITE v2.75 (Maddison and Maddison 2011) .
Additionally, the taxonomic index of congruence (C tax ) between pairs of species delimitation methods was estimated. This index is the ratio between the hypothetic number of speciation events congruently supported by the 2 paired approaches, relative to the total number of cumulative hypotheses (Miralles and Vences 2013 The phylogenetic analysis using mtDNA sequences recovered 3 low to moderately supported monophyletic groups not conforming to the 3 proposed species of Dromiciops (Fig. 2A) . Dromiciops bozinovici was recovered in 2 clades, while D. mondaca and D. gliroides were intermixed in a single one. The nuclear sequence analysis recovered the monophyly of D. bozinovici, with low support, whereas D. mondaca and D gliroides showed a polyphyletic pattern (Fig. 2B) .
The concatenated (ML and BA) analyses recovered 2 main clades (Fig. 3) . The D. bozinovici clade exhibited moderate Table 1) were recovered in both the D. gliroides and D. mondaca clades, generating a polyphyletic pattern (see box in Fig. 3) . Interestingly, when these individuals are treated as D. mondaca (also geographically close), the phylogenetic analyses retrieve a monophyletic D. gliorides, but the polyphyletic condition now affects D. mondaca. In short, no matter how these individuals are treated, the principle of monophyly is transgressed.
Species delimitation analyses.-Uni-locus (bGMYC and bPTP) and multilocus (STEM, BPP, and Tr2) analyses did not support a 3-species scenario for Dromiciops (Table 2 ; Fig. 3 , bar plots at the right). The bGMYC (using nuclear genes separately), bPTP, STEM, and Tr2 analyses recognized only 1 grouping (Table 2) . Two and 7 putative species were recognized by BPP and bGMYC (using concatenated mitochondrial genes) analyses, respectively ( Fig. 3 ; Table 2 ). For BPP, the D. bozinovici clade corresponds to 1 species (PP: 1.0; Table 2), while the remaining individuals are included in the composite D. gliroides + D. mondaca species (PP: 0.92; Table 2 ). For this analysis, the hypothetical 3-species scenario was poorly supported (PP: 0.07; Table 2 ). Alternative prior settings on species trees, θs, τ0, and gamma configurations in BPP analyses retrieved qualitatively similar results (Table 2) . For the bGMYC (using concatenated mitochondrial genes) analysis, a 7-putative species scenario was recovered using 0.95 as the posterior probability threshold (Fig. 3) . For this analysis, low probabilities of being conspecific were detected when grouping Dromiciops species (Table 2) .
The most congruent approaches were bGMYC (using nuclear genes), bPTP, STEM, Tr2, and BPP (C tax = 0.5-1.0), while the most incongruent was bGMYC (using mitochondrial genes) (C tax = 0.14-0.28).
discussion
Although the genetic distances observed among the nominal Dromiciops species were much lower than those representing other congeneric marsupial species (Supplementary Data SD4), the observed distance measures are not bound to any particular species concept (Ferguson 2002) . In any event, Cytb genetic distances among Dromiciops species were also lower than those reported for other marsupials (Patton et al. 1996; Supplementary Data SD5) . Consequently, our results suggest intraspecific rather than interspecific variation.
Deviations from monophyly have been used for discrediting species validity (Knowles and Carstens 2007) , as indicated by the polyphyly recovered in our phylogenetic analyses between D. mondaca and D. gliroides species (Fig. 3) . Nevertheless, single visualizations of phylogenetic trees may be a subjective criterion to infer species boundaries even in the presence of monophyly (Patton and Smith 1994; De Queiroz 2007) , as occurred with the D. bozinovici clade. Thus, the incorporation of coalescent population models in phylogenetic inference allows one to evaluate scenarios for testing the independence of evolutionary lineages. Consequently, compared with traditional tree visualization practices, methods that infer species status from a genealogical and population genetic perspective are arguably more objective (Zhang et al. 2014) .
Our bGMYC (using nuclear genes), bPTP, STEM, and Tr2 approaches were the most conservative for supporting the existence of only 1 species of Dromiciops (Fig. 3) . Moreover, these analyses together with BPP exhibited the highest levels of congruence. Although, D. bozinovici forms a distinguishable unit by BPP and 3 by bGMYC (using mitochondrial genes), these particular patterns could also be derived from population structure (Fig. 3) . Indeed, some coalescent analyses may overestimate species number due to the statistical impossibility to discriminate between population structure and species boundaries (Sukumaran and Knowles 2017) . Moreover, bGMYC tends to overestimate the number of species when the ancestral Table 2 .-Summary of species delimitation. Values from bGMYC correspond to probabilities of conspecificity. Values from bPTP and BPP correspond to posterior probabilities of delimited species. STEM and Tr2 evaluate the best scenario through likelihood and score values, respectively. For Tr2 lowest score indicates the better-delimitated scenario. The "/" symbol for STEM and Tr2 indicates the species delimitation used in each scenario. For the 4 bGMYC nuclear analyses, only the lowest conspecific probability is indicated. For the 4 bPTP nuclear analyses, all probabilities were the same, except for the 1-species scenario (0.7-1.0). polymorphism is low (Esselstyn et al. 2012) . In any case, more congruent species delimitation methods point to Dromiciops containing only a single species. The approach of D 'Elía et al. (2016) was designed "to find significant morphological differences among the specimens belonging to each phylogroup or clades as understood by Himes et al. (2008) " and "to evaluate if the cranial morphology shows a congruent pattern of variation with Dromiciops' phylogeographic structure." Nevertheless, this pattern, based on the standardized variance of gene frequencies (F st ), represents population substructuring as a deviation from random mating (Hartl and Clark 1997) . Furthermore, the reduction of the effective population size (N e ) directly increases the F st value as demonstrated in natural populations after bottlenecks (Gallardo et al. 1995) . This bottleneck effect inflates the population differentiation, as clearly observed in the B clade of Himes et al. (2008) , composed of 8 individuals from only 1 locality (San Martin Experimental Forest), and mistakenly named as a new species (D. mondaca) by D 'Elía et al. (2016) . Thus, while pairwise estimates of F st (or Φ st ) provide insights into population substructuring, they do not allow one to relate population structure to speciation events (Holsinger and Weir 2009; Wolf and Ellegren 2017) .
Taking into consideration genetic distances, phylogenetic relationships, and species delimitation analyses, we are positive to have presented confirmatory evidence for the hypothesis that all Dromiciops lineages belong to a single species. Consistency between our multilocus coalescent approach and the most recent morphological analyses (Martin 2017; Valladares-Gómez et al. 2017 ) provides further strengthening support for monotypy of the genus Dromiciops.
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Supplementary Data SD1.-GenBank accession numbers from mitochondrial and nuclear sequences from marsupials used in the present study. Abbreviations: cytochrome b (Cytb), 12S RNA (12S), apolipoprotein B gene (ApoB), interphotoreceptor retinoid binding protein gene (IRBP), recombination activating gene-1 (RAG1), von Willebrand factor gene (vWF). See attached Excel file.
Supplementary Data SD2.-Partitioning schemes and nucleotide substitution models for concatenated data set determined using PartitionFinder, version 1.1.0 (Lanfear et al. 2012) . See attached Excel file.
Supplementary Data SD3.-Mutation rates, clock models, and tree priors from separated nuclear and mitochondrial Dromiciops data sets used for tree calibration. These trees were used as input for the bGMYC species delimitation analyses.
Supplementary Data SD4.-Kimura 2P nucleotide distances between pairs of sequences from marsupial species using concatenated data set (Cytb + 12S + ApoB + IRBP + RAG1 + vWF). Only comparisons between specimens of congeneric marsupials are provided. Asterisks indicate values of interspecific comparisons between marsupials, within the range of Dromiciops species comparison.
Supplementary Data SD5.-Kimura 2P nucleotide distances between sequence pairs of Dromiciops species using separated nuclear and mitochondrial data sets.
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